The programmed assembly of nanoscale building blocks into multicomponent hierarchical structures is a powerful strategy for the bottom-up construction of functional materials. To develop this concept, our team has explored the use of molecular clusters as superatomic building blocks to fabricate new classes of materials. The library of molecular clusters is rich with exciting properties, including diverse functionalization, redox activity, and magnetic ordering, so the resulting cluster-assembled solids, which we term superatomic crystals (SACs), hold the promise of high tunability, atomic precision, and robust architectures among a diverse range of other material properties. Molecular clusters have only seldom been used as precursors for functional materials. Our team has been at the forefront of new developments in this exciting research area, and this Account focuses on our progress toward designing materials from cluster-based precursors. In particular, this Account discusses (1) the design and synthesis of molecular cluster superatomic building blocks, (2) their self-assembly into SACs, and (3) their resulting collective properties. The set of molecular clusters discussed herein is diverse, with different cluster cores and ligand arrangements to create an impressive array of solids. The cluster cores include octahedral M 6 E 8 and cubane M 4 E 4 (M = metal; E = chalcogen), which are typically passivated by a shell of supporting ligands, a feature upon which we have expanded upon by designing and synthesizing more exotic ligands that can be used to direct solid-state assembly. Building from this library, we have designed whole families of binary SACs where the building blocks are held together through electrostatic, covalent, or van der Waals interactions. Using single-crystal X-ray diffraction (SCXRD) to determine the atomic structure, a remarkable range of compositional variability is accessible. We can also use this technique, in tandem with vibrational spectroscopy, to ascertain features about the constituent superatomic building blocks, such as the charge of the cluster cores, by analysis of bond distances from the SCXRD data. The combination of atomic precision and intercluster interactions in these SACs produces novel collective properties, including tunable electrical transport, crystalline thermal conductivity, and ferromagnetism. In addition, we have developed a synthetic strategy to insert redox-active guests into the superstructure of SACs via single-crystal-to-single-crystal intercalation. This intercalation process allows us to tune the optical and electrical transport properties of the superatomic crystal host. These properties are explored using a host of techniques, including Raman spectroscopy, SQUID magnetometry, electrical transport measurements, electronic absorption spectroscopy, differential scanning calorimetry, and frequency-domain thermoreflectance. Superatomic crystals have proven to be both robust and tunable, representing a new method of materials design and architecture. This Account demonstrates how precisely controlling the structure and properties of nanoscale building blocks is key in developing the next generation of functional materials; several examples are discussed and detailed herein.
INTRODUCTION
Rational design of functional materials is a major endeavor in modern materials chemistry. Driven by ever-increasing demands for new sources of energy and its subsequent storage as well as the rapid miniaturization of electronic devices, new materials are required to meet these societal challenges. One attractive approach for synthesizing these new kinds of materials is to design nanoscale building blocks that can be rationally programmed, controlled, and self-assembled into bulk hierarchical materials. Nanocrystals, for example, have been extensively explored as building blocks to assemble superlattices exhibiting remarkable tunability and functionalities. 1−3 These materials, however, intrinsically lack atomic precision because of the polydispersity and complex surface chemistry of nanocrystals, creating challenges in both the design and control of the resulting solids.
In this context, molecular clusters are an attractive set of building blocks because they are atomically precise and structurally and compositionally diverse. 4, 5 As a result of the pioneering work of Holm, 6−9 Long, 10−12 Fedorov, 13−15 Fenske, 16−18 Steigerwald, [19] [20] [21] Dehnen, 22 and others, the literature is rich with a library of molecular clusters possessing a host of attractive properties, including redox activity, large magnetic moments, and luminescence. While there are past examples of the use of molecular clusters as building blocks in solid-state materials, 10,11,13,20,21,23−26 they have only recently re-emerged as valuable precursors toward new materials. We are one of several laboratories at the forefront of this reemergence, 27−40 focusing not only on developing novel synthetic strategies but also on the relationship between atomic structure and materials properties.
Our initial interest in cluster-based materials was stimulated by our discovery that electron-rich metal chalcogenide clusters react with C 60 fullerene to produce crystalline superatomic analogues of traditional ionic solids. 28 The resulting assemblies, which we now term superatomic crystals (SACs), are held together by electrostatic interactions in the solid state, analogous to how atoms (ions) are held together in ionic solids. Thus, we often refer to our molecular clusters as "superatoms" because of this analogy. Indeed, recent work by Khanna supports the superatom concept for many of our most commonly utilized building blocks. 41−43 This Account highlights our efforts toward the design of SACs. Section 2 details our synthetic work in the design of molecular cluster building blocks, while Section 3 presents several approaches for assembling these building blocks into hierarchical structures. Section 4 examines some of the collective properties of SACs, and we conclude with an outlook for these materials as this field continues to develop.
MOLECULAR CLUSTER BUILDING BLOCKS:
DESIGN, SYNTHESIS, AND FUNCTIONALIZATION Molecular clusters are typically composed of an inorganic core and a passivating ligand shell, the latter affording both stability and solubility. While the library of molecular clusters is extensive, we focus primarily on metal chalcogenide clusters. In this section, we discuss selected features of these building blocks that enable self-assembly into solid-state materials.
Cluster Cores
The metal chalcogenide core of a cluster governs its electronic, optical, and magnetic properties. Figure 1 presents two of the most common core structures used in our systems, and some of their features are discussed below.
2.1.1. M 6 E 8 . The M 6 E 8 motif features an octahedron of metal atoms (M 6 ) cocentric with a cube of face-capping chalcogen atoms (E 8 ). Each metal atom is also capped with a ligand, L, typically a phosphine, to give molecules of the type M 6 E 8 L 6 . Examples of this motif have been previously reviewed, 5 and our interest in this building block stems in part from its structural similarities to superconducting Chevrel phases, 22, 44 which feature the Mo 6 E 8 motif in the solid state.
Much of our initial synthetic effort has focused on the Co 6 E 8 core because of its straightforward preparation, scalability, and amenability to a variety of phosphine ligands. Two strategies have been developed to synthesize Co 6 E 8 (PR 3 ) 6 . The first method uses Co 2+ with excess phosphine and H 2 S 45 or Se(TMS) 2 (TMS = trimethylsilyl). 18 The second approach uses Co 2 (CO) 8 with various phosphine chalcogenides. 21 These clusters are typically electron-rich and tunable via modification of the phosphine ligand shell, a feature exploited to direct the assembly process into the solid state.
2.1.2. M 4 E 4 . The cubane M 4 E 4 structure is another common core structure used in this work. Clusters from this family contain an M 4 E 4 core in which M and E alternate to approximate the vertices of a cube. This structural motif is ubiquitous in biological systems containing iron−sulfur proteins, where the Fe 4 S 4 cluster acts as a redox-active catalytic site for a variety of transformations. 46 It was this redox activity that attracted our attention to this family of clusters. In particular, we have worked with the cluster Fe 8 O 4 pz 12 Cl 4 (pz = pyrazolate, C 3 H 3 N 2 − ), which has good solubility in organic solvents and can reversibly accept up to four electrons. 47 With this particular cluster, the cubane Fe 4 O 4 core is expanded with four additional Fe atoms connected to the oxo ligands and is supported by three pyrazolate ligands to form an approximately tetrahedral geometry. The four surface Fe ions are capped with Cl ligands, which can act as sites for further functionalization. This cluster has been studied in amorphous solid-state materials, 48 and we have since assembled this building block into several well-defined assemblies. 
Ligand Shell and Functionalization
Molecular clusters are typically passivated by supporting ligands that provide stability and solution processability to the cluster cores. These ligands present both challenges and opportunities. For example, the ligands act as barriers limiting interactions between cluster cores, yet they can also be used to decorate the cores with functionalities that can direct self-assembly or allow more fundamental studies of individual clusters. 27, 35, 36 To this end, we have developed a variety of more complex phosphine ligands that can be appended to the inorganic core (Scheme 1). Starting with Co 6 E 8 (PEt 3 ) 6 as the parent cluster, we can, for example, replace an ethyl moiety with 9-ethynylphenanthrene (Scheme 1c) to create a molecular recognition site for C 60 fullerene. Additionally, the phosphines can be functionalized with a 4-(methylthio)phenyl moiety (Scheme 1d), which can be used to measure conductance through single Co 6 S 8 molecular junctions. 27, 36 Scheme 1 highlights two general strategies toward functionalizing the Co 6 E 8 P 6 cluster: (1) designing the phosphine ligand and subsequently forming the Co 6 E 8 core using this ligand (Scheme 1a,c,d) or (2) synthesizing the cluster with a phosphine that can be further modified after synthesis of the cluster core. Scheme 1b illustrates the latter approach, in which Co 6 Se 8 (PEt 2 PhBr) 6 can be successively reacted with n-BuLi, CO 2 , and HCl to produce the carboxylic acid-functionalized superatom Co 6 Se 8 (PEt 2 (4-PhCOOH)] 6 . This superatom can be used as a building block to form assemblies with distinct preassembled clusters in the framework (Section 3.4).
ASSEMBLY INTO SUPERATOMIC CRYSTALS
This section discusses several methods to create multicomponent solid-state materials from molecular cluster superatomic building blocks. These building blocks combine atomic precision, stability, and tunability, and many of the resulting materials can be visualized as superatomic analogues of traditional binary atomic compounds. Different modes of assembly are highlighted, including inter-superatom charge transfer, molecular recognition, and directed formation of coordination frameworks.
SACs Self-Assembled via Charge Transfer
One simple strategy for creating SACs is to use charge transfer between neutral clusters and subsequent intercluster electrostatic attraction as a driving force for coassembly and crystallization ( Figure 2 ). To prepare these binary solid-state compounds, we combine pairs of structurally and electronically complementary superatoms in solution, where one cluster is electron-donating and the other is electron-accepting. The internal structures of the constituent clusters remain unchanged, but charge is transferred between them, resulting in solid-state compounds that can be characterized by singlecrystal X-ray diffraction (SCXRD). More complex superstructures can be formed through simple modification of the superatom ligand sphere. Figure 3 presents a selection of superatomic crystals that we have prepared using this approach.
The 30 SCXRD reveals that the structure of this compound can be approximated as a primitive cubic lattice with a two-cluster basis that is the superatomic analogue of the CsCl structure. Closer examination of the crystal structure, however, reveals By contrast to traditional atomic solids, in which the atoms (or ions) are spherical, superatoms afford more flexibility and variations that can be used tune the composition and crystal packing of superatomic crystals. For instance, the compounds [Co 6 28 The structures of these SACs are shown in Figure 3 . The charge of the building blocks can be determined through a combination of Raman spectroscopy and analysis of crystallographic data, as outlined in Figure 2 .
This strategy is not restricted to C 60 ; we have used different fullerenes such as C 70 and endohedral C 80 38 A similar dimerization process has been observed with C 70 in our hands and in recent work by Bejger. 49 However, this is the first example of a SAC containing an endohedral fullerene building block. The encapsulated Lu 3 N molecule displays a unique orientation that is collinear and coplanar with the intercage carbon bond, which is not observed in the other endohedral fullerene dimers. Our work illustrates a unique way that SACs can be tuned by inserting substituents inside the core of fullerene building blocks. (Figure 5d ).
Templating SACs Using Molecular Recognition
Beyond simple charge transfer assemblies, the synthetic flexibility of molecular clusters offers new possibilities for directing assembly. For example, by designing molecular recognition motifs in the ligand shell of the Co 6 E 8 cluster, we created a new layered van der Waals (vdW) compound selfassembled from a structure-directing building block and C 60 . 32 The structure-directing building block is composed of the C o 6 S e 8 c o r e d e c o r a t e d w i t h s i x d i e t h y l ( 9 -ethynylphenanthrene)phosphine (phen) ligands. While the phenanthrenes on each phosphine are flat and provide only weak vdW interactions with C 60 , three phenanthrene groups rotate in concert to form a host−guest structure with C 60 (Figure 6a ). The reaction of Co 6 Se 8 (phen) 6 with C 60 produces [Co 6 Se 8 (phen) 6 ][C 60 ] 5 . The resulting compound, shown in Figure 6c , is a layered two-dimensional (2D) material composed of neutral, corrugated monolayers that can be mechanically exfoliated. Notably, each fullerene layer is neutral and held together by vdW interactions. This conclusion is supported by the position of the A 2g mode of the fullerene in the Raman spectrum of the compound, which is identical to that of neutral C 60 , and by the Co−P bond distances in the crystal structure, which are consistent with the neutral molecular cluster. The layered structure of [Co 6 Se 8 (phen) 6 ]-[C 60 ] 5 suggests that it may be amenable to mechanical exfoliation. Figure 6b illustrates this process: under an optical microscope, exfoliated crystals display various colors that we interpret as interference fringes, suggesting that flakes of different thickness are produced by mechanical exfoliation. Atomic force microscopy (AFM) confirms that thin (∼130 nm) flakes with a smooth surface can be obtained. Furthermore, electronic absorption spectroscopy suggests an optical gap of 390 ± 40 meV, consistent with the activation energy measured from electrical transport measurements. This value is decidedly distinct from that of the bulk fullerene, making this system ideal for measuring the effects of dimensional confinement of C 60 .
Intercalation of SACs
By analogy to traditional layered atomic materials, SACs can be intercalated with redox-active guests and maintain their atomic structure. We recently reported the intercalation of the SAC [Co 6 Te 8 (P n Pr 3 ) 6 ][C 60 ] 3 , whose layered structure is shown in Figure 7 . 37 The pseudorhombohedral structure is composed of alternating trigonal layers of Co 6 2 . This intercalation strategy opens the door to exciting opportunities to manipulate the optical, electronic, and magnetic properties of the materials in much the same way as has been used to tune atomic solids. This is discussed further in section 4.1.
Metal Carboxylate Frameworks
The synthetic flexibility illustrated in Scheme 1b allows us to functionalize the Co 6 shows the crystal structures of the superatom and the resulting coordination frameworks. The 2D solid can be chemically exfoliated down to flakes of a few layers with a thickness of ∼7 nm. The sheets are structurally robust, and they maintain the electrochemical properties of the constituent superatoms. 40 
COLLECTIVE PROPERTIES OF SUPERATOMIC CRYSTALS
In many respects, SACs behave less like molecular cocrystals and more like solid-state compounds. This section discusses some of the novel collective behaviors that emerge as a consequence of the atomic precision of the materials. 28 The conductance (G) of these materials decreases exponentially with decreasing temperature, suggesting thermally activated behavior. The activation energy, E a , can be calculated from the slope of the Arrhenius plot. We find that E a varies with the structure and composition of the SAC, with values of ∼100, ∼150, ∼200, and ∼400 meV for [ C r 6 T e 8 3 , for example, we can tune the carrier density of the SAC and modulate its electrical properties. 37 Figure 9a shows how the electrical conductivity (σ) of the intercalation compound [Co 6 Te 8 (P Simultaneously, the electrical transport activation energy increases from 200 to 850 meV as x increases. This increase in E a agrees well with optical measurements showing a widening of the band gap to ∼0.65 eV upon TCNE intercalation.
Thermal Transport
In traditional atomic semiconductors, thermal energy is transported by quantized lattice vibrations (i.e., phonons). The atomically precise hierarchical structure of SACs, composed of diverse intra-and inter-superatom interactions, gives rise to a more complex vibrational landscape, which offers unique opportunities to study the fundamental properties of phonons and can lead to unexpected thermal transport behaviors. In such materials, the superatoms are too small for bulklike properties to emerge within individual clusters. Thermal transport cannot be understood by considering only the phonon spectra of the individual superatoms. Instead, the extended phonon states of the entire structure must be considered, in contrast with nanocrystal superlattices, which are well-described by effective-medium approximations. We recently showed that thermal transport in SACs is mediated by two contributions: (i) intra-superatom vibrations and (ii) collective inter-superatom phonons whose mean free paths can be modulated by the spacing and the strength of the interactions between the superatoms. 33 This second contribution is uniquely important and emerges as a result of the atomic precision of the lattice. Using a combination of SCXRD, differential scanning calorimetry (DSC), frequency-domain thermoreflectance (FDTR), and density functional theory (DFT) calculations, we investigated the thermal conductivity properties of single-component Co 6 (Figure 10a) , a difference attributed to the collective low-frequency intersuperatom vibrational modes that emerge upon crystallization, which are not captured by the calculations. This conclusion is further supported by FDTR thermal conductivity measurements: the thermal conductivity scales linearly with the sound speed, a strong indication that thermal transport in SACs has dominant contributions from extended phonon states that naturally emerge from collective wave effects (Figure 10b) .
The thermal conductivity of these SACs exhibits a peculiar temperature dependence. In particular, one material, [Co 6 Se 8 (PEt 3 ) 6 ][C 60 ] 2 , exhibits an unusual transition from amorphous to crystalline thermal transport behavior at approximately 200 K (Figure 10c) . We demonstrated that this change can be attributed to a structural phase transformation between a high-symmetry, dynamically disordered phase at high temperature and a low-symmetry, highly ordered phase at low temperature. Below the phase transition temperature, the free rotation of the C 60 cages is suppressed, and the material becomes orientationally ordered. This reduces the scattering of phonons and increases their mean free path. The overall effect is that the thermal conductivity of the material increases rapidly with decreasing temperature, akin to that of crystalline atomic solids.
Magnetic Ordering
In atomic solids, localized spin centers can interact to produce long-range cooperative magnetic properties such as ferromagnetism or antiferromagnetism. Many inorganic molecular clusters possess large magnetic moments, but their interaction is typically weak, thus preventing the observation of bulk magnetically ordered phases. Using superconducting quantum interference device (SQUID) magnetometry and muon spin relaxation, we have found that in the SAC [Ni 9 Te 6 (PEt 3 ) 8 ]- [C 60 ], the magnetic motifs of the Ni 9 Te 6 cores spontaneously couple to stabilize a ferromagnetic ground state at low temperature. 29 This was also studied theoretically by Khanna and co-workers. 43 The temperature dependence of the zerofield-cooled (ZFC) and field-cooled (FC 70 ] has a lower magnetic ordering temperature than its C 60 analogue due to the larger lattice parameter and the added orientational disorder of C 70 . These results are an important step toward realizing the significant benefits of superatomic crystals: we have shown that the magnetic behavior of the material is more than the simple average of the magnetic properties of the constituent subunits and that rational changes to the chemical structures of the subunits result in predictable changes in the collective properties of the solid.
CONCLUSION
The bottom-up assembly of preformed molecular clusters toward well-defined hierarchical materials has proven to be a successful approach in the design of new functional materials. These materials exhibit collective physical properties that emerge as a result of their atomic precision. While we have worked extensively on modifying the building blocks with functional ligands, our next objective is to investigate methods to directly connect the cluster cores. Current work in progress is exploring removal of the ligand from the cluster core and the formation of direct core−core linkages via metal−chalcogen bonds. Much like the materials discussed in this Account, these materials will hold new, exciting properties to explore.
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